The relative biological effectiveness (RBE) of alpha particles and protons emitted during exposure of barley (Hordeum vulgare L.) seeds to thermal neutrons were estimated. 10 B-enriched re-dried seeds were irradiated with thermal neutrons or gamma-rays. Two assumptions so far believed that boron distribution was uniform throughout either natural dormant seeds or 10 B-enriched seeds, and that boron atoms enter the seeds as freely as water molecules do, were found to be invalid. A boron addition effect (BAE) as high as 58.2 was obtained after thermal neutron exposure of seeds presoaked in 4800 μg·g −1 of 10 B-enriched boric acid solution. Estimates of RBE of alpha particles were nearly constant and independent of the contents of absorbed 10 B. RBE averaged 55.0 and 55.1 for the seed and spike presoaking methods of boron absorption, respectively. We could also obtain RBE of protons as high as 48.7 and 43.9 for the seed and spike methods, respectively. Boron addition converted the principal capture element during thermal neutron exposure from protons in dormant seeds to boron in 10 B enriched-seeds.
distribution of boron atoms inside seeds is essential for accurate estimation of RBE. At least the former assumption was found to be invalid by Hori et al. (1966) and Nakai and Saito (1976) , nevertheless attempts to obtain an accurate estimate of RBE of alpha particles have never been made since then. RBE of protons emitted during thermal neutron exposures have never been estimated. But, for complete evaluation of effectiveness of thermal neutrons, estimation of RBE of protons is indispensable. The aim of the present report is to present a method for estimation of RBE values of not only alpha particles but protons in thermal neutron exposures in plants, based on the experimentally determined data on boron and nitrogen contents of seed embryos.
Materials and Methods
A six-rowed barley variety, Hordeum vulgare L., cv. 'Chikurin Ibaraki 1' was used as the plant material. Aqueous solutions of different concentrations of 10 B-enriched boric acid (H 3 10 BO 3 ) were prepared by using boric acid provided by Eagle-Picher Industries Inc. (Miami, Oklahoma, USA), in which the boron was composed of 91.746% 10 B and 8.254% 11 B (weight %). A solution of 4800 μg·g −1 of natural boric acid (i.e., H 3 BO 3 19.9% 10 B and 80.1% 11 B) was also included in the experiment for comparison.
Enrichment of boron in seeds was done using two methods. (1) Seed method: Air-dry seeds with ca. 10% w/w moisture content were immersed in aqueous solution of 0, 100, 400, 1600, 4800 μg·g −1 of H 3 10 BO 3 or 4800 μg·g −1 of H 3 BO 3 in a 500 ml glass beaker for 13 h at 20 ± 1°C. The seeds were then washed with distilled and deionized water for a few minutes, and then dried again to around 10% moisture content by exposure to a current of warm, dry air for 16 h. (2) Spike method: Twenty-five days after flowering, spikes with a neck about 10 cm long were removed from plants in the field and placed in a glass bottle containing 260 ml of 1250, 2500, 5000, or 10000 μg·g −1 solutions of H 3 10 BO 3 at room temperatures for 7 d, during which 70 ml of water was supplied 5 times. The seeds were then removed from the spikes and dried as in the seed method. Fifty spikes, each with about 60 seeds, for each solution concentration were used. We analyzed boron content by using curcumin method of Jackson (1958) . and nitrogen content by using the micro Kjeldahl method. All analyses of boron were carried out in plastic vessels instead of glass vessels to avoid possible contamination of the embryo and endosperm with boron dissolved from the walls of glass vessels.
Thermal neutron exposures were carried out at the heavy water (D 2 O) facility of the Kyoto University Reactor, operating at 4.5 MW. We prepared 100 seeds for each combination of boric acid concentration and neutron dose. The flux of thermal neutrons was 3.015 × 10 9 n·cm −2 sec −1 and the dose rate of contaminating gamma-rays was 6.25 Gy·h −1 . 1R of the contaminating gamma-rays was converted into 0.965 rad (= 0.00965 Gy). For the gamma-ray irradiation, we used a source of 60 Co in the gamma-room of the Institute of Radiation Breeding, at a dose rate of 19.6 Gy·hr −1 .
We sowed 20 seeds (with two replications) for each combination of boric acid concentrations and radiation doses in vermiculite in wooden boxes and allowed them to germinate at about 20°C in a plastic greenhouse in an isolation field. We measured the first leaf length of the M 1 seedlings 14 days after sowing.
Boron absorption by the embryo and endosperm of seeds immersed in 1600 μg·g −1 of boric acid for different durations
To determine the optimal presoaking duration for boron enrichment of seeds in a boric acid solution, we analyzed the total boron ( 10 B + 11 B) absorbed by the embryo and endosperm after presoaking of the seeds in 1600 μg·g −1 H 3 10 BO 3 solution for 2 to 24 h, and calculated the corresponding 10 B contents. The absorbed 10 B content were 87.5, 109, 132, 164 and 182 μg·g −1 for 2, 4, 7, 13, and 24 h of soaking, respectively. The absorption pattern differed obviously between the embryo and endosperm. A sharp increase in 10 B content occurred in the embryo during the first 13 h of soaking followed by slowing the rate of increase during further soaking. It appeared that 13 h of soaking was adequate for boron enrichment of embryos, since further soaking of seeds did not markedly increase the boron content. The absorption of 10 B by the endosperm was initially slow, increased more rapidly for some time, and then reached a plateau as early as 7 h after the start of soaking. Boron concentrated preferentially in the embryo, and the absorbed 10 B content in the embryo reached 4.41 times the value in the endosperm after 24 h of soaking. Preferential absorption of boron by embryo was also reported by Hori et al. (1966) and Nakai and Saito (1976) .
Fixing the presoaking duration at 13 h, we immersed the seeds in solutions of different concentrations (0 to 4800 μg·g −1 ) of 10 B-enriched boric acid for this duration. We then measured the contents of boron actually absorbed by the embryo and endosperm (Table 1) . At the tested concentrations, more 10 B was absorbed into the embryo, with values in the embryo being 3.6 to 4.3 times the values in the endosperm, except at 100 μg·g −1 , for which the ratio was 8.2. The amount of water absorbed by the embryo and endosperm during soaking of the seeds in deionized water for 13 h was also measured. The embryo absorbed more water than the endosperm. On the basis of the amount of water absorbed, we calculated the predicted 10 B content if boron was to be absorbed as freely into the seeds as water molecules, and compared the result with the actual amounts of 10 B that was absorbed. The ratios of observed to predicted boron content in the embryo were relatively constant for all presoaking times except 2 h. All of the ratios were lower than 1, the average ratio being 0.595. Thus, the two assumptions so far believed that boron distribution was uniform throughout either natural dormant seeds or 10 B-enriched seeds, and that boron atoms enter the seeds as freely as water molecules do, were found to be invalid. The former assumption leads to underestimation of RBE while the latter overestimation. Since the embryo's mass accounts for about 2.3% of the total seed mass in barley, the amount of absorbed boron per g of tissue, as calculated on the assumptions of uniform distribution and free entrance of boron into seeds, is 5.37 (= 20.9 × 0.023 + 5.0 × 0.977), 21.56, 86.23, and 258.82 μg·g −1 , which are 50.2, 45.9, 49.9 and 61.9% of the actual amount of boron absorbed by embryos, for 100, 400, 1600, and 4800 μg·g −1 of H 3 10 BO 3 solutions, respectively. Thus, the adoption of both assumptions leads to underestimation (about 0.52) of the amount of boron absorbed by embryos.
Estimation of absorbed dose by 10 B, 14 N, and 1 H The specific doses absorbed by 10 B, 14 N, and 1 H per unit neutron fluence were calculated by using the formula of Conger and Giles (1950) :
where d is the absorbed dose (in Gy) for a fluence of 1 nth·cm −2 (Gy·nth −1 ·cm 2 ), N u is the number of capture nucleus per g of tissue (g −1 ), σ is the thermal neutron capture cross-section of the target element in cm 2 (= value in barn × 10 −24 cm 2 ), E is the energy of the emitted radiation (MeV) c is the fraction of the liberated energy absorbed by the tissue. The absorbed dose represents the energy absorbed per gram of an irradiated material, and its unit (Gy) is applicable to all kinds of ionizing radiation. The constant 1.602 × 10 −10 is the factor used to convert the absorbed dose (MeV·g −1 ) into Gy (Gy·g·MeV −1 ). N u is a function of w, t, R, L, and A, as follows:
where w is the moisture content of seeds, t is the content of the capture element per tissue on a dry matter basis (g·g −1 ), R is the existing ratio of the reacting isotope of the element, L is the Avogadro constant (6.02214199 × 10 23 ), A is the atomic weight (g·mol −1 ) and 18.00436 is the molecular weight of 1 H 2 O. Since the energy absorbed due to the presence of an element depends on the product of t and σ, the contribution of the elements that are contained in only trace amounts in the tissue and that have a small capture cross-section can be ignored in the calculation of the total absorbed dose of thermal neutrons. In practice, only three reactions 10 B(n, α) 7 Li, 14 N(n, p) 14 C, 1 H(n, γ) 2 H are important, as Conger and Giles (1950) have pointed out. The values for σ, E and R of the three isotopes 10 B, 14 N, and 1 H that were adopted were as follows. σ: 3838, 1.84 and 0.332 barn, for 10 B, 14 N and 1 H, respectively E: 2.314, 0.62 and 2.23 MeV for 10 B, 14 N and 1 H, respectively R: 0.199, 0.99632, 0.999885 for 10 B, 14 N and 1 H, respectively The fraction of the liberated energy absorbed in tissue (c) equals 1 for alpha particles and protons since the energy of these heavy particles is deposited completely within the same cell in which it is released. However, c for gamma-rays is lower than 1. We adopted a value of c = 0.02 for gammarays on the basis of the value reported for rice seeds by Nakai and Saito (1976) .
The contents of the three elements in dormant barley seeds and the doses absorbed by 10 B(d B ), 14 N(d N ) and 1 H(d H ) are shown in Table 2 . The boron and nitrogen contents were During thermal neutron exposure of the dormant seeds, the captured doses of 10 B, 14 N and 1 H were calculated to be 0.0521, 0.3882, 0.1060 (×10 −12 Gy·n −1 ·cm 2 ) in the embryo and 0.0100, 0.1252, 0.1060 (×10 −12 Gy·n −1 ·cm 2 ) in the endosperm, respectively. Most (71.07%) of the energy deposited in the embryo was thus due to protons and the dose captured by boron was even lower than that captured by hydrogen. Summarizing the absorbed doses of the three elements in the embryo gives a value of 0.5463 (×10 −12 Gy) per unit fluence of thermal neutrons. From this it follows that 1.830 × 10 12 n·cm −2 is converted into 1 Gy during exposure of dormant barley seeds with a moisture content of 10.2% to thermal neutrons.
Boron addition effect (BAE)
The half-reduction doses for both thermal neutrons (D 50n ) and gamma-rays (D 50g ) estimated for different concentrations of enriched and natural boric acid solutions in both the seed and spike methods are shown in Table 3 . In the seed method, D 50n was approximately 13.96 × 10 12 n·cm −2 in 0 μg·g −1 and decreased to as low as 0.24 × 10 12 n·cm −2 in 4800 μg·g −1 .
The magnitude of the effects of boron addition to biological materials in thermal neutron exposure is expressed as boron addition effect (BAE). BAE is defined as:
where D 0n is the dose of thermal neutrons exposed to 10 Bnon-enriched materials and D 1n is the dose of thermal neutrons exposed to 10 B-enriched materials to produce the same biological effect. BAE was 2.7, 15.0, 29.1 and 58.2 for 100, 400, 1600, and 4800 μg·g −1 of 10 B-enriched boric acid, respectively. Natural boric acid also proved effective, reducing D 50n by a BAE of 19.4. BAE of 4800 μg·g −1 of natural boric acid was only one third that of the same concentration of H 3 10 BO 3 , and was intermediate between the results for 400 and 1600 μg·g −1 of 10 B-enriched boric acid. This is expected, since 4800 μg·g −1 of natural boric acid corresponds to 4800/(0.91746/0.199) = 1041.1 μg·g −1 of 10 B-enriched boric acid on the basis of the amount of 10 B absorbed in the seed embryo. We observed no harmful effects of boron addition on germination, seedling growth, or chlorophyll formation at the range of concentrations of boric acid solution we employed, though D 50g gradually decreased with increasing concentrations of boric acid.
In the spike method, marked enhancement of sensitivity NσEc where σ is capture cross-section (cm 2 ), E is energy (MeV), and c is the fraction of the liberated energy absorbed by the tissue.
to neutrons also occurred with boron addition (Table 3) . D 50n decreased to 0.15 × 10 12 and 0.053 × 10 12 nth·cm −2 , giving BAE as high as 96.0 and 271.9 in 5,000 and 10,000 μg·g −1 of 10 B-enriched boric acid, respectively. However, at these two highest concentrations marked depression of seedling growth occurred owing to the physiological injury caused by the boron addition in both irradiated and non-irradiated plants. Conspicuous increases in sensitivity to gamma-rays were also observed at these high concentrations. Hence, we excluded the results for these two concentrations from our calculation of RBE.
Estimation of RBE for alpha particles and protons
Usually RBE is defined as:
where D ref is the dose of a reference radiation (here 60 Co gamma-rays) and D test is the dose of the test radiation required to produce the same biological effect. In the case of thermal neutron exposure too, RBE is often defined in this way. However, the effects of thermal neutrons derive not from neutrons themselves, but from neutron energy absorbed by capture nuclei in tissues, particularly 10 B, 14 N, and 1 H. If 'RBE of thermal neutrons' is defined according to Eq.(4), the RBE values would vary with the content of these elements in biological materials. Gamma-rays emitted from 1 H (n, γ) 2 H has low LET and its RBE equals 1. Hence, it is better to define RBE based on the dose absorbed by 10 B (RBE of alpha particles), and the dose absorbed by 14 N (RBE of protons), instead of the total dose of thermal neutrons according to Eq. (4). Neglecting the dose absorbed by elements other than boron, nitrogen, and hydrogen, and assuming the additivity of the effects of the three nuclear reactions 10 B(n, α) 7 Li, 14 N(n, p) 14 C, and 1 H(n, γ) 2 H as well as the contaminating gamma-rays, the following relationship holds:
where D 50g is the half-reduction dose for gamma-ray exposure (in Gy), D 50n is the half-reduction dose for thermal neutron exposure (in fluence, n·cm −2 ), δ is the dose of contaminating gamma-rays (in Gy per fluence of neutrons), d H , d N , and d B are the neutron energies absorbed by 1 H, 14 N, and 10 B, respectively (in Gy per fluence of neutrons), e N and e B is the RBE values for protons and alpha particles, respectively. The RBEs of 1 H and of contaminating gammarays were assumed to equal 1. δ can be obtained by dosimetry and equals 6.25/(3.015 × 3600 × 10 9 ) which equals 0.575 × 10 −12 (Gy·n −1 ·cm 2 ). d H , d N , and d B can be calculated by using Eq.(1). Eq.(5a) has two unknown variables, e N and e B and can not be solved with the observed data for a single concentration of boron enrichment. The contents of nitrogen and hydrogen do not change during the addition of boron, and δ + d H + e N d N is constant irrespective of the concentrations of boric acid solution applied. Using the labels 0 and 1 for D 50g , D 50n , and d B to represent treatments with 0 μg·g −1 solution and a boron enrichment treatment with a given concentration of boric acid solution, respectively, the following relationship is obtained: Table 3 . Furthermore, using the estimated value of e B in Eq.(5b), the value of K and hence the value of e N (RBE of protons) can be obtained (Table 3 ). The mean RBE values for alpha particles and protons were 55.0 and 48.7 in the seed method and 55.1 and 43.9 in the spike method, respectively. If Eq. (6) is valid, then the estimates of RBE should be constant and independent of the amount of boron added and the absorption method. In fact, except for 400 μg·g −1 , estimated values of both e B and e N in the seed method were almost equal between the concentrations of boric acid. The differences were not significant at 5% level for both e B and e N . Matsumura et al. (1963) irradiated seeds of T. monococcum presoaked in 0.1, 0.5, and 1.0% of aqueous solution of borax (Na 2 B 4 O 7 ·10H 2 O) for 2 days with thermal neutrons and gamma-rays, and reported high RBE values for chromosomal aberrations and chlorophyll mutations. However, they did not analyze the boron contents of the embryo and instead calculated them on the basis of the assumption of uniform distribution throughout the seed and free entry of boron atoms. Because these assumptions were found to be invalid in the present experiment, the contents they obtained are thought to be underestimates, which in turn would lead to overestimation of RBE. In addition, their estimates of RBE varied widely (from 8 to 56) between different concentrations of borax and between neutron fluences, which is not consistent with our data which showed almost constant values of RBE with concentrations of boric acid applied. These variations may be due to the relatively small number of spikes sacrificed for the experiment, resulting in large variances in the rates of chromosomal aberrations and chlorophyll mutations that were observed. Ikushima (1972) reported the RBE of boron to be 1.41, 2.00 and 18.0 for seedling height in diploid, tetraploid and hexaploid wheat, respectively. These estimates may also be overestimates, since he assumed a uniform distribution of boron in the seeds and free entrance of boron into the embryo in his calculation of boron contents. Ichikawa (1975) reported RBE values of 3.83 and 3.49 for the effect of 10 B on seedling height in T. monococcum. However, he did not perform gamma-ray irradiation and estimated RBE by comparing neutron fluences and absorbed doses at different 10 B contents. The RBE of heavy particles, by definition, should be estimated from a comparison of the absorbed doses between high LET radiation and low LET radiation, which provides a given magnitude of biological effect. Thus, the RBE estimated by Ichikawa cannot be directly compared with those determined by the ordinary method. In addition, the relationship shown in Eq.(6) in his report loses its validity when sensitivity to low LET radiation changes between normal seeds and boron-enriched seeds as we observed here.
As shown in Table 3 , the absorbed doses of 10 B, 14 N, and 1 H in the embryo of dormant seeds were 0.0521, 0.3882, and 0.1060 × 10 −12 Gy·n −1 ·cm 2 , respectively. Using RBE estimates for alpha particles (55.0) and protons (48.7) obtained by the seed method, the contributions of 10 B, 14 N, and 1 H to the biological effect were calculated to be 13.1%, 86.4% and 0.48%, respectively. Most of the neutron effects are caused by protons released after the capture of neutrons by 14 N. In contrast, in the seeds treated with the highest concentration (4800 μg·g −1 ) of 10 B-enriched boric acid solution, the absorbed doses of 10 B, 14 N, and 1 H in the embryo were 26.46, 0.3882 and 0.1060 × 10 −12 Gy·n −1 ·cm 2 and the respective contributions were 98.71%, 1.28% and 0.007%. Almost all of the neutron effects are caused by alpha particles (+ 7 Li recoils) from the capture reaction of 10 B. The principal element contributing to the biological effect of thermal neutrons changed from proton in dormant seeds into alpha particles (+ 7 Li recoils) in 10 B-enriched seeds.
RBE for internal protons emitted from the reaction 14 N(n, p) 14 C have never been evaluated. RBE values for protons obtained here (48.7 and 43.9 for the seed and spike methods, respectively) are much higher than those (3.5 and 5.2) reported for somatic mutations induced in maize (Zea mays) by exposure to a 28 GeV external proton beam (Smith et al. 1974) and that (<1) for chromosomal aberrations observed in Vicia faba after exposure to 170 MeV protons (Larsson and Kihlman 1960) . Although the RBE for protons was high in the present experiment, the addition of 14 N to plant tissue can hardly be expected to increase the thermal neutron effects. In contrast to boron, nitrogen is generally contained in plant tissues as a macroelement (at levels as high as 5% on a dry matter basis), and in a preliminary experiment (data not shown), it was difficult to achieve a marked increase in 14 N content without causing physiological damage and reduced plant growth. Moreover, natural nitrogen is composed of 99.63% 14 N and 0.37% 15 N, so further enrichment of 14 N in total nitrogen is practically impossible. Thus, the ability to artificially increase 14 N concentration in plant tissues so as to enhance thermal neutron effects is severely restricted.
